Su immary. Metabolism of the herbicide 2-chloro-4-ethylamino-6-isopropylamino-s-triazine (atrazine) was investigated in resistant corn (Zea mays L.) and sorghum (Sorghum zlvlgare Pers.), intermediately susceptible pea (Pisuim sativum L.), and highly susceptible heat (Triticum vulgare Vill.) and soybean (Glycine max Merril.). This study revealed that 2 possible pathways for atrazine metabolism exist in higher plants. All species studied were able to metabolize atrazine initially by N-dealkylation of either of the 2 substituted alkylamine groups. Corn and wheat, which contain benzoxazinone, also metabolized atrazine initially by hydrolysis in the 2-position of the s-triazine ring to form hydroxyatrazine. Subsequent metabolism by both pathways resulted in th-e conversion of the parent atraztine to more polar conmpounds and eventually into methanol-insoluble plant residue. No evidence for s-triazine ring cleavage was obtained. Both pathways for atrazine metabolism appear to detoxify atrazine. The hydroxylation pathway results in a direct conversion of a highly phytotoxic compound to a completely non-phytotoxic derivative. The dealkylation pathway leads to detoxication through one or more partially detoxified, stable intermediates. Therefore, the rate and pathways of atrazine metabolism are important in determining the tolerance of plants to the herbicide. Both quantitative and qualitative dififerences in atrazine metabolism were detected between resistant, intermediately susceptible, and susceptible species. The ability of plants to metabolize atrazine by N-dealkylation andl the influence of thhis pathway in determining tolerance of plants to atrazine are discussed.
Two substituted s-chlorotriazines that are widely used today as selective herbicides for the control of annual weeds in fields of corn and sorghumii are 2-chloro-4-ethylamino-6-isopropylamino-s-triazine (atrazine) and 2-chloro-4,6-bis (ethylamino) -s-triazine (simazine). These compounds are effective inhibitors of the Hill reaction in photosynthesis (17) andl are known to reduce the rate of 14COo fixation in V!ants (3, 24) .
Corn seems to be resistant to atrazine and simazine largely because of its abilitv to convert the 2 herbicides rapidly to noni-phytotoxic 2-hydroxy-4-ethylamino-6-isopropylamino-s-triazine (hydroxyatrazine) and 2-hydroxy-4,6-bis (ethylamino) -s-triazine (hydroxysimazine) (5, 9, 12, 21) . Other species have also been reported to metabolize atrazine (18) anlcl simazine (10) to their hydroxy derivatives. Tlle conversion of 2-chlorotriazines to their 2-hydroxy derivatives is probably non-enzymatic (5, 12, 20) anid appears to be correlated with the presence of a cyclic hydroxamate, 2,4-dihydroxy-3-keto-7-methoxy-1,4-benzoxazine (benzoxazinone), in plants (10) .
Sorghum, a resistant species, does not contain benzoxazinone and is nlot able to metabolize the chlorotriazine to the hydroxytriazinie (10) . In the intcrmediately susceptible pea, atrazine was readily metabolized to the dealkylated derivative, 2-chloro-4-amino-6-isopropylamino-s-triazine (compound I) (23) . Hydroxyatrazine was not formed and benzoxazinone was not detected in pea (23) . Wheat contains benzoxazinone (10) and soybean does not (8) , but both species are highly susceptible to atrazine.
Although corn and sorghum are both resistant to the chlorotriazine herbicides, metabolism studies indicate that their basis 'for resistance is quite different. N-Dealkylation of atrazine, as it occurs in pea, may be an important mechanism of resistance to the herbicide in higher plants (22) . This investigation was undertaken to determine if dealkylation of atrazine occurred in species other than pea. The occurrence of this reaction in higher plants and its significance as a basis for herbicidal selectivity are discussed. Atrasiulc 30:50, v/v/v).
In sorghum, relative concentrations of coml)oun(l I, and( 2-chloro-4-amiiino-6-ethv\lamilno-s-triazine (compo)un(l II), wxere (letermiiine(d bN gas-liquid cliromiatog-raphic separation as previoutsly described ( 23) Compound I showed a single absorption maximum at 204 to 206 mju and a new peak at 223 to 225 mMu appeared for hydroxy-compound I. The RF values indicated that hydroxy-compound I (RRF 0.08) was much more polar than compound I (RF 0.80). However, hydroxy-compound I was very similar in polarity to hydroxyatrazine (RF 0.14).
Results
Mletabolismn of Atrazine in Different Species. The dealkylation products of atrazine were detected and identified bv thin-layer and gas-liquid chromatographic separations. The RF values and relative retention times of atrazine and its dealkvlated metabolites were previously reported (23) . Pea is the only species of higher plants in which dealkylation of atrazine has been reported to occur (22, 23) . Thin-layer chromatographic analysis of chloroforml-soluble conmpounds in plant extracts showed that dealky'lation occurred in sorghum, pea, soybean, wheat, and corn. Both quantitative and qualitative differences in dealkylation of atrazine between the 5 species were detected.
Dealkvlation of atrazine can result in 2 possible products. N-Dealkylation at the ethylamine side chain will result in the isopropyl derivative (compound I) and N-dealkylation at the isopropylamine side chain wvill result in t'he ethyl derivative (compound I:). It was previously shown (23) reported to be present in yotiung pea seedlings (22) and it was also detected in plants used for this sttidy.
The predominance of compound I over compounid II, as detected by autoradc:ography, Nwas also true in soybean and wheat. In corn nearly equal amilouints of compounds I and II were present as (letermimied by autoradiogiraphy.
In sorghum high concentrations of both compounds I and II were detected (fig 1) . The chloroformsoluble fraction from shoots of plaiits exposed to atrazine-14C for 48 hours was diluted with autlhentic non-radioactive atrazine, and comlpounds I and IT, and chromatographed by gas-liquid chromatography. 'I'he effluent up to t,, 3 (6, 7, 9) . Chloroplasts from resistant and susceptible species Nere equally sensitive to the inhibition of the Hill reaction by the herbicides (16 (22) .
In sorghum very little atrazine remained in the plants after 336 hours. The results indicate that in sorghltm N-dealkylation is the initial degradation reaction in the conversion of atrazine to non-phvtotoxic deriv-atives. Sorghum, althotugh resistant, was less tolerant of high concentrations of atrazine than corn (10) . Inhibition of growth in sorghum occurred at concentrations which did not affect corn. Although sorghum metabolized atrazine much faster than the suscepti'ble species, it was not as rapid as in corn. In considering the efficiency or effectiveness of detoxication between the 2 pathways (fig 8) , it is reasonable to assume that the hydroxylation pathway may be more effective. This pathlway results in a direct conversion of a highly phytotoxic compound to a completely non-phytotoxic derivative. The dealkylatCon pathway leads to detoxication throughI one or more partially detoxified, stable intermediates.
The difference in effectiveness between these 2 patlhways may explain the observations made in comparing tolerances of corn and sorghum toward atrazine. Dealkylation of atrazine and subsequent rapid metabolism of dealkylated products to non-phytotoxic water-soluble and methanol-insoluble plant residue seem to be responsible for resistance in sorghum. In corn hydroxylation is primarily responsible for its resistance. The extent to which dealkylation contributes to the resistance in corn is unknown.
